Self-assembled hybrid organogels of polypeptides containing block copolymers with the inclusion of polypeptide-functionalized graphene were designed and elaborately prepared, and showed interesting microstructures as well as enhanced mechanical performances. Firstly, a series of peptide-based triblock copolymers (triBCPs),
Introduction
Bioinspired polypeptides and polypeptides containing block copolymers have attracted signicant scientic interest in polymer science over the last few decades due to their potential applications in biomedicine and biotechnology elds such as tissue-engineering scaffolds, 1-3 drug-delivery carriers, biomedical imaging agents, 4 and antibacterial agents. [5] [6] [7] [8] [9] [10] Poly(g-benzyl-L-glutamate) (PBLG) is one of the most well studied polypeptides which could be easily synthesized by ring-opening polymerization (ROP) of N-carboxyanhydrides (NCA) of amino acids. 11, 12 The PBLG-based block copolymers can also be effectively synthesized through ROP method using amino-functionalized macroinitiator. [13] [14] [15] Moreover, the polypeptide synthesized by ROP in some cases could maintain an amino group at the end of the chain, which provides the possibility of further functionalization. 15, 16 In addition, the PBLG chains with appropriate polymerization degrees can form the rigid rod-like conformation, i.e. a-helix conformation, stabilized by intramolecular hydrogen bonds, 17 which is a vital precondition for the unique phase behavior of the PBLG and PBLG containing block copolymers such as liquid crystalline ordering and thermoreversible gelation. [18] [19] [20] For instance, Manners and coworkers reported the discovery of thermoreversible gelation of diblock copolymers of PBLG in dilute solution and proposed a self-assembled nanoribbon mechanism. 21 Wu and coworkers synthesized PE-b-PBLG diblick copolymer and prepared thermoreversible gels in toluene which represented the rst example of polyethylene (PE) based material as a gelator.
22
The polymer organogels can be further extended to gel composites by the incorporation of the nanollers which could provide materials with properties that are superior to the individual components or their noninteractive physical mixtures alone. 23 The gel composites with advanced functions have widespread applications in materials and biological sciences. For the nanollers used to generate gel composites, the graphene and their functionalized analogues are one kind of the most attractive candidates. [23] [24] [25] Graphene oxide (GO) sheets as the derivate of graphene, [26] [27] [28] [29] a two-dimensional (2D) carbon nanostructure of one atom thickness with plenty of hydrophilic oxygenated groups, have good dispersing ability in water and many polar organic solvents. Moreover, the GO sheets can be easily functionalized through covalent graing, which brings the opportunities for designing of composite materials based on graphene. [30] [31] [32] The combination of polymer self-assembled gel and functionalized GO allows the fabrication of a series of novel materials. Many investigations devoted to the GO/polymer hybrid gels have been reported. 25, [33] [34] [35] As a chemical additive, GO can tailor the gelation behavior of other gelators to generate GOcontaining hybrid gels. In addition, GO sheets oen endow the hybrid supramolecular gel with some particular features from better thermal stability to strengthened mechanical strength. Typically, as a special two-dimensional nanoller, the GO sheets with remarkable properties can be used to modulate the gelation behaviors as well as the mechanical properties of some polymer gels. 23 For example, Jiang et al. reported a hybrid polymeric hydrogel comprised of block copolymer graed graphene platelets prepared by noncovalent interaction between the cyclodextrins functionalized GO and PNIPAM block copolymers. 24 The hybrid graphene inclusion complex showed rapid sol-gel transition at elevated temperature than the corresponding native block copolymers. 24 Hao and coworkers used a urea-based gelator synthesized by long alkyl chain and chromophore to produce a hybrid gel with GO, and the hybrid gel was capable of stabilizing GO sheets in apolar solvents. In addition, the mechanical strength, uorescent emissions as well as thermal stability of the gel were also tuned aer capturing GO sheets. 35 Recently, we reported a kind of poly-(glutamate) covalently modied GO-containing hybrid organgels with enhanced mechanical performance, in which the modied graphene nanostructures acted as nanoscale skeletons and interfacial adhesives in the hybrid gels. 16 However, as far as we know, the incorporation of the graphene sheets into the polypeptide containing rod-coil block copolymer selfassembled organogels as well as the inuence of the graphene sheets on the phase behavior of the block copolymers in sol and gel state have not been reported.
In this work, a series of rod-coil-rod triblock copolymers, PBLG-b-PDMS-b-PBLG, with different volume fractions of PBLG (f PBLG ) was synthesized and the hybrid gels of PBLG-b-PDMS-b-PBLG copolymers with the inclusion of PBLG-functionalized GO sheets were prepared and investigated. The native gels of BDB triblock copolymers with different lengths of PBLG helices exhibited nanoribbon structures and the hybrid gels maintained the self-assembled nanoribbon structure with the 2D graphene sheets well dispersed in the gels were observed, and these hybrid organogels thereof showed enhanced mechanical performances compared to the native BDB triblock copolymer self-assembled gels.
Experimental

Materials
Triphosgene (Aladdin Industrial Inc.), g-benzyl-L-glutamate (A.R., Tongsheng amino acids Ltd., China), bis(3-aminopropyl) terminated poly(dimethylsiloxane) (H 2 N-PDMS-NH 2 ) (SigmaAldrich, >99.8%) were used as received. N,N-Dimethylformamide (DMF, A.R., Kelong Chemical Co., China), ethyl acetate (A.R., Bodi Chemical Co.) and n-hexane (A.R., Bodi Chemical Co.) were dried and distilled. GO-g-PBLG (M n(PBLG) ¼ 5800 g mol À1 , DP PBLG ¼ 21, and the graing density of PBLG on GO platelets, wt PBLG /wt GO was 28 wt%) was prepared according to our previous work. 16 Other commercially available reagents were purchased and used as received.
Synthetic procedures
Preparation of PBLG-b-PDMS-b-PBLG. The g-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) monomer was synthesized from the reaction of g-benzyl-L-glutamate using the method as reported (yield: 57.6%).
11 The product was characterized by 1 Preparation of PBLG-b-PDMS-b-PBLG organogels and GO-g-PBLG/PBLG-b-PDMS-b-PBLG hybrid organogels. The gel of PBLG-b-PDMS-b-PBLG in toluene was prepared as follows. Briey, a certain amount of a block copolymer was added into a certain amount of toluene in a sample vial. Aerward, the sealed vial was heated in an oil bath at about 90 C until the mixture became homogeneous, followed by taking out to the ambient condition. Gelation concentration was determined by preparing a series of different concentrated solutions and the gelation was monitored by tube inversion technique. 36, 37 And the sol-gel transition temperature was monitored by tube inversion technique during heating process of the gel.
For the preparation of the GO-g-PBLG/PBLG-b-PDMS-b-PBLG hybrid organogel in toluene, a certain amount of GO-g-PBLG was rst dispersed in toluene and then the triblock copolymer was added to the solution. Aerward, the sealed vial was heated in an oil bath until the hybrid complex became homogeneous, followed by taking out to the ambition condition. The sol-gel transition temperatures (T gel ) and gelation concentrations (C gel ) were determined by tube inversion technology. 36, 37 All C gel and T gel values were measured in triplicates. Differential scanning calorimetry (DSC) was carried out using a TA Q2000 DSC (TA Instruments, USA) at a heating rate of 10 C min À1 under nitrogen ow. Rheological measurements were carried out on a Haake Mars III rheometer with a parallel plate (diameter 20 mm). The dynamic oscillatory stress sweep measurements were performed from 0.1 to 5000 Pa at a constant frequency of 1 Hz. Transmission electron microscopy (TEM) images were obtained on Tecnai G2 F20 transmission electron microscope (SEI, USA) at 200 kV. The TEM gel samples were prepared by inserting the carbon-coated copper grids into the gels and dried under air. Atomic force microscopy (AFM) samples were prepared by casting a drop of hot toluene solution of a block copolymer under spin coating. Then, the sample was conducted with AFM (Anasys Company, USA) using tapping mode to investigate the morphology and height of dry gel.
Results and discussion
Synthesis and characterization of PBLG-b-PDMS-b-PBLG TriBCPs
As illustrated in Scheme 1, PBLG-b-PDMS-b-PBLG triblock copolymers with different molecular weights were prepared by the ring-opening polymerization (ROP) of the BLG-NCA monomer initiated by the corresponding H 2 N-PDMS-NH 2 initiators (M n ¼ 3500 and 5100 g mol À1 ). First, the monomer, BLG-NCA, was synthesized from the commercially available g-benzyl-L-glutamate using the method as reported. 11 Dissolving the monomer and macroinitiator in DMF, different molecular weighted copolymers were synthesized through ROP by changing the ratio of initiator to monomer under N 2 ow. Successful preparation of block copolymers could be demonstrated from the 1 H NMR spectra and GPC results as illustrated in Fig. 1 and 2 . As shown by the 1 H NMR spectra in Fig. 1 , signals related to both PDMS and PBLG segments were observed respectively and in accord with the expected chemical structure of the triblock copolymer. From the GPC results, the relative molecular weights and the polydispersity indexes (PDI) of all block copolymers were obtained as shown in Table 1 . The absolute number-average molecular weights (M n ) and the polymerization degrees (DP) of PBLG-b-PDMS-b-PBLG copolymers in Table 1 . † All structural information of the triblock copolymers were given in Table 1 .
The secondary structures of the PBLG blocks of all triblock copolymers were rst determined by Fourier transform infrared spectroscopy (FTIR). The PBLG were known to form three different secondary structures: a-helixes, b-sheets and random coil conformation. 38 The locations of the amide-I and amide-II bands in the FTIR spectra can be used to determine the conformation of the polypeptide. As shown in Fig. 3a , the signal at 1735 cm À1 was related to the C]O stretching of the benzyl ester protecting group of the PBLG block. [38] [39] [40] [41] [42] In the high resolution FTIR spectra (Fig. 3b) Scheme 1 (indicated with the arrow) was quite obvious, compared to other copolymers. Thus, both a-helix and b-sheet structures were present in B 16 D 45 B 16 , while PBGL chains of the other copolymers mainly assumed a-helix conformation. [38] [39] [40] [41] [42] The results were consistent with previous research results. 17, 37 As reported in the literature, both a-helixes and b-sheets secondary structures are present in the polypeptide segments with shorter chain lengths (n < 18), whereas the b-sheets secondary structure becomes less stable in the longer polypeptides (n > 18) and the polypeptide segment almost exclusively adopts an a-helical secondary structures.
17
1D WAXS experiments can also be used to identify the type of secondary structures. As shown in Fig. 4 , the scattering intensity distributions of different BCPs revealed the effect of chain length on the secondary structure. In each prole, three reection peaks with a scattering vector ratio of 1 : O3 : O4 were attributed to a hexagonal packing of cylinders composed of 18/5 a-helixes with a d-spacing of 1.37 nm, in agreement with the FTIR results. However, the primary reection peak of B 16 D 45 B 16 was asymmetrical and a small peak at q* ¼ 4.10 nm À1 was observed characteristic of the b-sheets structure.
14,38
In View Article Online addition, the broad "amorphous halo" at about 14.5 nm
À1
originated mainly from the long amorphous side-chains comprising a large part of the monomer unit. 17 Therefore, FTIR and WAXS results allowed to conclude that the secondary structures of PBLG in the B 16 D 45 B 16 were the mixture of a-helix and b-sheet, whereas the conformations of PBLG blocks of other BCPs were mostly a-helix with small part of the b-sheet.
The gelation behaviors of BDB TriBCPs with the incorporation of PBLG functionalized graphene
The native gels of the PBLG-b-PDMS-b-PBLG triblock copolymers were rst prepared and investigated. With the appropriate concentration of the BDB block copolymers in toluene, the BDB samples were soluble in hot toluene and transformed to transparent thermoreversible gels when temperature decreased. The gels of each triblock copolymer with different concentrations were prepared according to the method described above. The critical gelation concentrations (C gel ) and critical gel-sol transition temperatures (T gel ) were determined through tube inversion technology. 36 As shown in Table 1 , the C gel of the synthesized BDB triblock copolymers varied from 3.50 wt% to 0.30 wt% and the T gel varied from 41 to 45 C. And the value of C gel decreased with the increase of PBLG length, while the T gel increased as the PBLG length increased. Thus, the degree of polymerization of the PBLG block had an important effect on the gelation of PBLG-b-PDMS-b-PBLG triblock copolymers since the stacking between the PBLG helices in combination with the p-p interaction were the main driving force of the self-assembly. 21 And relative higher gelation concentration of the BDB block copolymers with shorter PBLG lengths, e.g. B 16 D 45 B 16 , should be ascribed to the weaker driving force of the stacking between the PBLG helices because of the lower a-helical content and the weaker p-p interaction of phenyl groups between the PBLG helices due to the shorter PBLG length.
43-45
To obtain the hybrid organogels of the BCPs with the incorporation of graphene, a certain amount (0.05 or 0.10 wt%) of PBLG covalently functionalized graphene sheets (GO-g-PBLG, M n(PBLG) ¼ 5800 g mol
À1
, DP PBLG ¼ 21, graing density wt PBLG / wt GO ¼ 28 wt%) that could be well dispersed in toluene, was dispersed in toluene and then the BCP was dissolved in the solution with heating. Aerward, the homogeneous hybrid complex was cooled down to the room temperature and a blackish-colored hybrid organogel was produced. The gelation ability of the hybrid complex with a concentration of the BDB triblock copolymers near C gel of the native triblock copolymers was investigated. Interestingly, the gelation concentration of the triblock copolymer in the hybrid complex slightly deceased which indicated that the addition of GO-g-PBLG did not inuence the gel-formation ability of the triblock copolymers in toluene. For example, it was found that the hybrid complex containing 0.05 wt% of GO-g-PBLG with 0.25 wt% B 150 D 64 B 150 transformed from solution to gel during cooling process, while the C gel of B 150 D 64 B 150 was 0.30 wt%. When the overall weight fraction of the hybrid complex was almost equal to the corresponding weight fraction of the native BCP gel at the C gel , the hybrid complex could form hybrid gels. The results demonstrated that addition of small amount of GO platelets did not hamper the gelation ability but slightly trigger the gelation of BDB. Moreover, the GOcontaining hybrid organogels were still thermoreversible. In order to investigate the gelation mechanism and the morphology of the native BDB gel and that of the hybrid complex, the TEM and AFM experiments were carried out. As shown in Fig. 5a and b, the gel of the B 61 D 45 B 61 sample exhibited nanobril-like morphology, and it was observed that average widths of the nanober was about 22 nm and lengths was from 0.5 to 3 mm in the TEM micrographs with higher magnications. The TEM image of B 150 D 64 B 150 in Fig. 5c also revealed the entangled nanober network structures. In the TEM micrographs with higher magnications (Fig. 5d) , it was observed that some signicantly widened nanober should be ascribed the parallel alignment and overlapping of two or more bers. Moreover, the width of different bers and the width of a single ber might be slightly uctuating due to polydispersity of the block copolymers. 46 However, the average width of the single bers was about 26 nm and each ber was a few micrometers in length. Moreover, through careful observation of the nanobril in the TEM experiment with higher magni-cation, it was obviously found that the edge section on both sides of the ber was darker while the center section was brighter. The darker region should be PDMS segments and the brighter part should be the PBLG helices due to the relatively higher electron density of PDMS than that of PBLG because of the Si elements in the PDMS. 47 Furthermore, AFM experiments were carried out to determine the morphology of B 150 D 64 B 150 (0.35 wt%) organogel. In the AFM image (Fig. S2 †) , it was observed that the B 150 D 64 B 150 (0.35 wt%) gel self-assembled in a brous structures. The average height of brous structures was about 3.5 nm, which also indicated that the individual brous structure was not cylindrical but had nanoribbon morphology. Therefore, the observed nanobril structure should be formed by the planar stacking of the BCPs which was consistent with the nanoribbon mechanism for the selfassembly of random coil-PBLG block copolymers reported in literature. 21, 37, 48 The PBLG helixes of PBLG-b-PDMS-b-PBLG copolymer chains arranged in an anti-parallel fashion in toluene at a concentration above their critical gelation threshold, wherein the strong dipolar p-p interactions involving phenyl groups between the PBLG helices stabilized the nanoribbon structure and provided the driving force for the self-assembly. 13, 49 And the PDMS block protruded outside of the ribbon which prevented the aggregation of the nanoribbons due to the high solubility of PDMS chains in toluene.
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Furthermore, for the B 61 D 45 B 61 , the calculated length of the PBLG helix as shown in Table 1 was 9.2 nm and the f PBLG was 85%, while the observed width of PBLG was about 22 nm. Thus, the nanoribbon of B 61 D 45 B 61 triblock copolymer should be staked in head-to-head model of the PBLG helical rods in toluene illustrated by the arrangement mode shown in Fig. 7a (le). According to the head-to-head morphology of the PBLG helical rods and the helical length as well as the f PBLG values, the width of the self-assembled nanoribbon was calculated to be 21.6 nm (by the formula 9.2 Â 2 + 9.2 Â 2 Â 0.15/0.85), which was consistent with the observed result. For B 150 D 64 B 150 , the calculated length of the PBLG helix was 22.5 nm (as shown in Table 1 ) and the f PBLG was 91%, and the observed width of PBLG was about 26 nm. Thus, the B 150 D 64 B 150 triblock copolymer should be arranged in a monolayer morphology which was illustrated by the arrangement mode as shown in Fig. 7a (right) .
The morphologies of the GO-g-PBLG/BDB hybrid gels were further investigated by TEM experiments. The TEM images of the GO-g-PBLG (0.10 wt%)/B 61 D 45 B 61 (2.10 wt%) hybrid organogel (2.20 wt%) were shown in Fig. 6a and b, and the TEM images of GO-g-PBLG (0.10 wt%)/B 150 D 64 B 150 (0.40 wt%) hybrid organogel were shown in Fig. 6c and d . It was observed that the BDB triblock copolymer still self-assembled into a nanoribbonlike structure as the BDB triblock copolymer native gels, and the graphene sheets were coated by BDB bers and were well dispersed in the hybrid gels. The width of the nanoribbon in the hybrid gel was similar with that of the corresponding triblock copolymer native gel. It was observed that some of the BDB nanobrils were on the surface of the GO nanosheets, which indicated that GO nanosheets had a good interaction with the gel nanobers in the hybrid organogel as a nanocomposite system. The nanostructure and the molecular arrangement of the GO-g-PBLG/BDB hybrid gel were schematically illustrated in Fig. 7b . From the above investigations on the gelation behaviors and the gel morphologies of the GO-g-PBLG/BDB hybrid complex, it could be concluded that the hybrid organogel preserved the basic characteristics of native organogel and the nanoribbon structure still played a key role in the gelation ability of the nanocomposite. The well distribution of the functionalized graphene sheets within the BDB nanobrils network generated the new gel composites. The rheological properties of the GO-g-PBLG/BDB hybrid organogels compared with the BDB native gels Finally, rheological experiments were carried out to investigate the inuence of the incorporation of GO platelets on rheological properties of the self-assembled organogels. 50 In order to avoid the inuence of the concentration on rheological properties of the gels, the same overall concentrated triblock copolymers gels and GO-g-PBLG/BDB hybrid gels were prepared and characterized. The storage modulus (G 0 , contribution of elastic) and the loss modulus (G 00 , contribution of viscous) were measured as a function of stress sweep at a constant frequency of 1 Hz as shown in Fig. 8 The rheological results of GO-g-PBLG/B 150 D 64 B 150 hybrid gels were shown in Fig. 8b , in which it was also observed that both the moduli (G 0 and G 00 ) and the fracture stresses of the hybrid gels were much larger than the corresponding values of the native gel within the same overall concentration. Moreover, as shown in Fig. 9 , the hybrid gels of B 16 with 0.01 wt% GO-g-PBLG showed an increase of storage and loss moduli and fracture stress than the corresponding native BCP gels. Therefore, the rheological results indicated that the incorporation of the GO sheet in organogels signicantly induced the increases of the storage modulus, the loss modulus and the fracture stress, which demonstrated the enhanced mechanical strength of the hybrid self-assembled gel composites. According to the gelation behavior and morphologies of the hybrid gels studied above, the improvement of the mechanical strength of the hybrid organogels should be contributed to the homogeneous hybrid complex with hierarchical 3D network structures consisted of BDB self-assembled nanoribbon-like network and the closely incorporated 2D planar sheets of the functionalized graphene. The GO sheets efficiently interacted with gel nanoribbon and behaved as 2D nanollers in the hybrid gel, which contributed to the enhancement of the mechanical properties of the gels.
Conclusion
In summary, the thermoreversible self-assembled organogels of peptide-based triblock copolymers (PBLG-b-PDMS-b-PBLG) with different PBLG lengths and nanoribbon-like structures, and the gel composites of the triblock copolymers with polypeptidefunctionalized graphene thereof were synthesized and investigated. The hybrid organogels possessed lower gelation concentration and thermoreversibility, and considerably showed increased moduli and fracture stresses than the corresponding native gels with the same overall concentration. It indicated that the gelation ability and mechanical strength of polypeptide block copolymer organogels could be tuned with the inclusion of the polypeptide functionalized graphene sheets, and may provide potential applications in biomaterials and other advanced materials.
